ABSTRACT Hydration of single or mixed phospholipids or lipid protein mixtures at low ionic strength results in the formation of a population of large, solvent free, single bilayer vesicles with included volumes of up to 300 ,ul/,mol lipid.
INTRODUCTION
Lipid bilayers large enough for direct electrical measurements have been a major tool in studying membrane phenomena (1) . However, the methods currently available for their formation present certain technical shortcomings such as the retention of solvent in the bilayer or poor long-term stability. Furthermore, they are not available in bulk quantities and are thus unsuitable for chemical studies.
We report here on the formation and properties of solvent-free, large, cell-size lipid bilayer vesicles. They can be formed in bulk, have diameters of up to 300 Am, and can be studied by optical, chemical, and electrical techniques. They are stable for weeks and can also be formed from mixtures of protein and lipids. The technique for their formation is based on earlier observations by Reeves and Dowben (2) , and Mueller and Rudin (3) . A preliminary report was published elsewhere (4) .
MATERIALS AND METHODS
Brain lipids were prepared from fresh bovine brains according to Mueller et al. (5) . Asolectin For the preparation of large vesicles phospholipids were water-washed by the following procedure. The lipids dissolved in CHC13/CH30H 2:1 were emulsified with distilled water and the phases separated by lowspeed centrifugation. The organic phase was extracted with water a total of 4 to 6 times. Lipids were stored in the dark as a 5-60 solution in chloroform under nitrogen at room temperature. The addition of deoxycholic acid or of tocopherol to the lipid solution before drying at a molar ratio of 100:1, lipid to additives, improves vesicle formation and does not interfere with the vesicle properties.
The density of the vesicles was determined by centrifugation on Ficoll or CsCl gradients. For analysis of their internal solution, the vesicles were concentrated by high-speed centrifugation and sonicated. The extravesicular volume was determined with radioactive glucose. Conductivity of the solutions was measured in a microchamber at 1 kHz and osmolarity was determined by freezing-point depression. The Na and K concentrations were obtained by flame photometry. Ionic fluxes across the vesicle membranes were studied by determining the internal radioactive tracer content after removing the external ions by ion exchange (7) .
RESULTS

Formation of the Vesicles
Large vesicles form spontaneously when dried single phospholipids, phospholipid mixtures, or phospholipid-protein mixtures are hydrated at low ionic strength. Vesicles can be formed routinely from most single and mixed phospholipids. We have formed them from bovine brain lipid extracts, asolectin, purified egg-lecithin, synthetic dipalmitoyllecithin (DPL), phosphatidylserine, mixtures of these, and also in the presence of cholesterol or tocopherol. Better results are obtained after the synthetic lipids are extracted with water as described in the Methods section. In the case of DPL, vesicles form only above 400C.
For the formation of the vesicles, 0.5 ml of a solution containing 5-6% lipid in chloroform or chloroform-methanol (2:1, vol/vol) is spread on the bottom of a 100-ml Erlenmeyer flask and dried completely under a stream of N2. 100 ml of aqueous solution is added gently to the flask, which is then stored at 40C. Shaking must be avoided. Vesicles appear as a white fluffy cloud at the bottom of the flask after 24-48 h. They can be prepared in distilled water, in solutions of nonelectrolytes such as glucose, sucrose, or Ficoll or in solutions of monovalent salts up to 10-4M. The use of higher ionic strengths results in amorphous precipitates and myelin figures. Once formed, the vesicles are stable for weeks. The properties of the vesicles appear to be independent of the age of the preparation (up to 3 wk). The vesicles can be observed under phase contrast or bright field illumination in the presence of contrasting materials such as india ink or sonicated liposomes. However, the membranes are best visualized under dark field illumination. A summary of their optical appearance is shown in Fig. 1 .
Aside from the large vesicles, the lipids also form long, thin tubes with diameters between 500 to 2,000 A. Electronmicrographs show that the tube wall consists of a single lipid bilayer. Chains of very small vesicles joined by tubes are also seen ( Fig. 1 D-F 20 ,um in diameter, present in the aqueous phase ( Fig. 1 ).
When formed in distilled water, their internal solution has an average conductivity of 20 to 50 ,uS cm-1, an osmolarity of -2 mOsM, and a density of 1.0005-1.001. These densities are higher than those calculated from the lipid content of the vesicle membrane indicating the present of as yet unidentified internal solutes, perhaps lipid breakdown products and their counterions. Furthermore, the vesicles form smeared bands on Ficoll density gradients indicating inhomogeneities in the vesicle population.
The internal solutes cause an osmotic surface stress that for a 20-,um vesicle would amount to -25 dyn/cm as calculated from the Laplace equation (see Discussion), and values between 0 and 20 dyn/cm are measured on vesicles of 80-100 ,um by measuring the deformation of vesicles sucked to the end of a capillary under microscopic observation. By such measurements, the elastic constant for small changes of membrane area are found to be -100 dyn/cm. Similar values were obtained by Kwok and Evans (8) , who have calculated a value of 100 ergs/cm2 at 250C (or 0.5 kcal/mol of lecithin) for the reversible heat of expansion at constant temperature for the bilayer in these vesicles. When the osmotic gradient is reversed by adding external solutes, the vesicles become flaccid for short periods of time, but then they pinch off and regain a spherical shape. When flaccid, the vesicle's membrane fluctuates rapidly and the fluctuations can be observed under dark field by the light reflected from the membrane surface.
Electrical Properties
Initially the electrical properties of the vesicles were studied with microelectrodes as described in Fig. 3 . A bridge circuit was used for these measurements. Penetration is signaled by a sudden bridge unbalance and an increase of the capacitance time constants. The membrane capacitance was estimated from these measurements as between (Fig. 4) .
The membrane conductance and capacitance can be measured without breaking the vesicle as shown in Fig. 5 ; however, to measure potentials across the membrane, or to control the membrane potential, a single membrane is required. This is achieved by breaking the smaller portion of the sealed membrane by an electrical shock -leaving a single solvent-free bilayer membrane separating two aqeuous compartments (Fig. 6) . The increase in the capacity (Fig. 6 B) suggests that indeed the small portion of the vesicle has been broken leaving a single membrane. The dielectric breakdown of the membrane drops from 400-500 mV for a whole sealed vesicle to -200 mV after a portion of the vesicle is broken, and only under these conditions does monazomicin induce voltage-dependent conductances as it does in planar bilayer membranes. Stability of the'single membranes varies between experiments, but we have obtained membranes lasting for 1-2 h routinely. The aqueous phase surrounding the membrane Fig. 2 . The current drops suddenly to a lower intermediate level as a vesicle that is larger than the hole sticks to the partition. This conductance is quantitatively similar per length of contact to seal resistances typically observed with patch-clamp electrodes (see Discussion). Subsequently, the current falls to almost zero because the vesicle membrane forms a tight seal with the partition. A transient reduction of the potential difference to zero (see F) leads only to capacitative transients but no steady current is observable at this gain. The diagrams B and C show how the conductance difference of the two sealing states might be explained by the bilayer configurations in contact with the hole's rim. In B the bilayer is intact and the apposition of polar lipid groups and rim material forms a conductive channel that accounts for the relatively large current during the first sealing stage. Subsequently, the bilayer forms a highly hydrophobic seal with the rim material, presumably by molecular rearrangement as shown in C. (D) At higher gain the residual current for a 200-mV pulse can be measured and, assuming that the seal conductance is negligibly small, the membrane conductance can be calculated from this value and the hole diameter, as explained in Fig. 5 FIGURE 6 Breaking of one side of a vesicle sealed to a hole by an electric pulse. Two voltage pulses (shown below D) were applied in sequence after the vesicle sealed to the hole rim (see Fig. 4 ). In A the first pulse had an amplitude of 100 mV and a duration of 300 us. The time integrals of the current transients generated by the second pulse are a measure of the capacity. In B the amplitude of the first pulse was raised to I V. This broke selectively the smaller portion of the vesicle membrane (see diagram to the right) because the voltage drop across the membrane is inversely proportional to the capacity and, therefore, larger than the voltage drop across the larger portion. The capacitative current caused by the breaking pulse is partially off screen. The currents for the second pulse have a longer time constant corresponding to the capacity of the remaining vesicle portion that is larger than that of the two portions in series (see Fig. 5 ). (C) Three superimposed current records taken after B at 1 -min intervals. The amplitude of the first pulse was reduced to 10 mV. The time constants and integral of the capacity currents decrease with time, because the remaining vesicle membrane flattens out on the hole, as shown in the diagram. (D) The final steady state value taken 6 min after the breaking pulse shows a current integral only slightly smaller than that of the intact vesicle that was somewhat deformed due to the hydrostatic pressure difference. The single flat membrane is stable and solutions on both sides can be exchanged easily by using the chamber shown in Fig. 7 .
(E) Current trace during the breaking of one portion of the sealed vesicle. In this case, the membrane broke spontaneously during a 100-mV pulse. The sudden increase of the capacitance generated the second current transient. Notice that it is larger than the first transient at the start of the pulse and that the transient at the end of the pulse has a larger integral than the first because the membrane capacity has increased. (F) Membrane currents in response to applied potentials in the presence of 10-6M monazomycin. The monazomycin was added after the small portion of the vesicle was broken and the membrane had become flat. 
Preparation of Protein-containing Vesicles
Proteins can be inserted into the vesicles, either before, during, or after the vesicle formation. In the first case, small liposomes are reconstituted with the membrane proteins. Ions are removed from the liposomes by dialysis.
The liposomes are then lyophilized after addition of glucose and rehydrated with water. This method has worked well for cytochrome oxidase. The resulting large vesicles showed respiratory control. The rate of oxidation of external cytochrome c by reconstituted vesicles resuspended in 10 mM KCI was accelerated 1.7-2 times upon addition of gramicidin or valinomycin and nigericin indicating the functional integrity and membrane incorporation of the oxidase.
As an alternative procedure, the membrane proteins can be added to the hydrating solution and thus be present during vesicle formation. Low concentrations of detergents that are tolerated during formation are helpful. The proteins may also be added from their detergent solution to preformed vesicles. The vesicles tolerate up to 1% cholate for short periods of time. Darzon The vesicle surface is apparently under tension. The vesicles are perfectly round and when they are broken with a microelectrode, water flushes out rapidly and the vesicle contracts and moves in the opposite direction. The internal pressure (p) maintaining the vesicles under tension is probably of osmotic origin satisfying the Laplace equation p = 2'y/r, where 'y is the surface stress, and r the vesicle radius. The measured osmolarity of the internal solution of -2 mOsM would generate a pressure of 0.5 x I05 dyn/cm2 and a surface stress of -25 dyn/cm for a vesicle having a diameter of 20 ,um. Internal solutes, probably lipid breakdown products and their counterions, are most probably responsible for the osmotic pressure, which may vary with vesicle size.
As shown in Fig. 4 , the sealing of the vesicle membrane to a Vaseline-pretreated hole is a two stage process. In the first stage the vesicle makes only a relatively low resistance contact, which has an average value of 106 Q/cm of linear contact. At low ionic strength, the specific conductance of the contact region is much higher than that of the bulk solution, presumably, because the fixed charges of the lipid surface provide a high concentration of mobile counterions. As a result, the current seen in Fig. 4 drops only by one third, when the entire hole is obstructed by the vesicle.
Note that the above value of 106 Qcm`should predict a seal resistance of 100 Q for a bilayer attached to the tip of a 0.3-,gm diam micropipette, a value typically observed with patch-clamp pipettes (10) .
On the other hand, the second sealing stage that develops subsequently has a much higher linear resistance, of more than 2 x 1010 Qcm-'. We argue that this tight seal results from hydrophobic interaction of the lipid tails with the Vaseline coating. This high seal resistance may be advantageous for electrical measurements of membranes that have a high inherent resistance. The vesicles may be useful for studies of membrane reconstruction and investigation of physical properties of lipid bilayers. For example, Wolf et al. (13) have applied fluorescence photobleaching recovery to study the diffusion of molecules in the plane of the membrane of such vesicles. They found that stearoyl dextrans diffuse at room temperature with a diffusion coefficient D = 2 x 10-9 cm2/s, -2 to 3 times slower than in solvent containing black lipid films. Large vesicles can also be formed by fusing small phospholipid or phospholipid-protein vesicles by freeze-thaw (14) . These vesicles can be formed in high ionic strength solutions. However, the yield of unilamellar vesicles is far less and the maximal size of these vesicles is typically 5 to 10 ,um and thus much smaller than those obtained by the method described here.
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